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Crystal structure of thrombin in complex with fibrinogen vy’ peptide
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Abstract

Elevated levels of heterodimeric y,/y’ fibrinogen 2 have been associated with an increased incidence of coronary artery disease, whereas a
lowered content of y” chains is associated with an increased risk of venous thrombosis. Both situations may be related to the unique features of
thrombin binding to variant y’ chains. The -y’ peptide is an anionic fragment that binds thrombin with high affinity without interfering directly
with substrate binding. Here we report the crystal structure of thrombin bound to the ' peptide, solved at 2.4 A resolution. The complex reveals
extensive interactions between thrombin and the vy’ peptide mediated by electrostatic contacts with residues of exosite Il and hydrophobic
interactions with a pocket in close proximity to the Na" binding site. In its binding mode, the v’ peptide completely overlaps with heparin bound to
exosite II. These findings are consistent with functional data and broaden our understanding of how thrombin interacts with fibrinogen at the

molecular level.
© 2006 Elsevier B.V. All rights reserved.
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Fibrinogen is a dimeric protein whose subunits are composed
of three polypeptide chains named Aca, Bp and vy [1]. Two
forms of fibrinogen, fibrinogen 1 and fibrinogen 2, differ with
respect to the C-terminal of their -y chains and can be separated
by ion exchange chromatography [2,3]. Fibrinogen 1 contains a
homodimeric vy polypeptide ('ya/va), €ach composed of 411
residues. Plasma contains approximately 15% fibrinogen 2 that
exists as a heterodimer (y4/y’), having a variant -y’ chain which
originates from an alternative mRNA splicing between exons 9
and 10 [4]. The variant y’ chain has 427 residues, with a highly
anionic C-terminal segment, V4 RPEHPAETEYsDSLY
PEDDL*’, carrying seven Glu and Asp residues and two
sulfonated Tyr (Yg) residues at positions 418 and 422. Upon
binding of the E domain of fibrin(ogen) to thrombin via exosite I
[5,6], fibrinopeptides A and B are cleaved off the Aa and BP
chains promoting the polymerization of fibrin into an insoluble
clot. However, thrombin binds fibrinogen with high affinity at an

* Corresponding author. Tel.: +1 314 362 4185; fax: +1 314 747 5354.
E-mail address: enrico@wustl.edu (E. Di Cera).
! These authors contributed equally to the work.

0301-4622/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bpc.2006.08.005

additional site provided by the vy’ chains of fibrinogen 2 [7]. The
clinical relevance of the v’ chain variant of fibrinogen is that clots
formed from fibrinogen 2 are less susceptible to lysis [8,9], and
elevated levels of the heterodimer y5/y" have been associated
with an increased incidence of coronary artery disease [10]. In
addition, a lowered content of " chains is associated with an
increased risk of venous thrombosis [11]. Both situations may be
related to the unique features of thrombin binding to variant y’
chains.

Previous studies have suggested that the y" peptide fragment
414 AETEYsDSLYSPEDDL* binds to thrombin via exosite II
[12], and that replacement of Yg with Phe residues at position
418 and 422 abolishes thrombin binding [7]. Here we present
the 2.4 A crystal structure of thrombin complexed with the y’
fragment V*°*RPEHPAETEYpDSLYpPEDDL*’, where the
Y residues at position 418 and 422 have been replaced with
phosphorylated Tyr (Tyrp or Yp) residues. The replacement is
inconsequential on thrombin binding [9,12]. The structure
(Table 1) shows that the y" peptide interacts with exosite II of
thrombin (Fig. 1) in a way that reproduces closely the binding
of heparin [13], in agreement with recent functional results
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Table 1
Crystallographic data of thrombin in complex with fibrinogen vy’ peptide

PDB ID code 2HWL

Data collection:

Wavelength (A) 0.9

Space group P2,

Unit cell dimensions (A) a=66.40
b=81.52
¢=70.26

Resolution range (A) 40.0-2.4

Observations 140227

Unique observations 27503

Completeness 98.8 (94.7)

Ry (%) 6.5 (30.8)

Vo(I) 20.0 (2.8)

Refinement:

Resolution (A) 40.0-2.4

\Fl/a(|F]) >0

Reryst> Riree 0.214, 0.249

Reflections (working/test) 25293/1323

Protein atoms 4705

Solvent molecules/Na" 133/2

Rmsd bond lengths® (A) 0.007

Rmsd angles® (°) 1.6

Rmsd B values (A%) (m.c./s.c.)’ 1.78/2.63

<B> protein (A?%) 47.6

<B>Na' (A% 45.9

<B> solvent (A?%) 43.6

Ramachandran plot®:

Most favored (%) 98.1

Generously allowed (%) 1.2

Disallowed (%) 0.6

? Root-mean-squared deviation (Rmsd) from ideal bond lengths and angles
and Rmsd in B-factors of bonded atoms.

® m.c., main chain; s.c., side chain.

¢ Calculated using PROCHECK [21].

[9,12,14,15]. Exosite II is composed mainly of cationic residues
and Arg-93, Arg-101, Arg-233, Lys-236 and Lys-240 offer
electrostatic complementarity to the anionic moiety of the -y’
peptide. Tyrp-418 interacts with residues Arg-126, Lys-235 and
Lys-236, while Tyrp-422 interacts with Lys-240 (Table 2, Fig. 1).
Pro-413 and Ala-414 of the y'-peptide penetrate a hydrophobic
pocket of thrombin formed by residues Ile-162, Val-163, Arg-
165, Phe-181, Ala-183 and the disulfide bond Cys-168: Cys-
182, which are in close proximity to the side chain of Tyr-225
near the Na" binding site. Interaction of the v’ peptide with this
pocket could trigger inhibitory allosteric effects on the active site
and explain the delayed release of fibrinopeptide A, the delayed
generation of a-profibrin, and the slower cleavage rate of the
factor XIII activation peptide [9].

Tyrp-418 wedges its negatively charged moiety in a posi-
tively charged groove formed by the side chains of thrombin
Arg-126, Lys-235, and Lys-236 (Fig. 1). The O1, O2 and O3
atoms of the phosphate group are in close contact with the NH1
group of Arg-126 and the N¢ atoms of Lys-235 and Lys-236
(Table 2). This strong electrostatic interaction explains most of
the high affinity of the y’-peptide for thrombin. The phosphate
group of Tyrp-422 makes electrostatic interactions with Lys-240

(Table 2, Fig. 1) and also contacts Arg-126 of a symmetry-
related molecule. Furthermore, Arg-93, Lys-235, and Lys-236
of a symmetry-related molecule engage the C-terminal portion
of the v’ peptide in electrostatic interactions (Table 2). The
ability of the ' peptide to bridge two thrombin molecules in
the crystal lattice may be revealing of the mechanism through
which the fibrin clot sequesters thrombin in solution.

It is of interest to compare our structural data with the
recent NMR investigation of the y" peptide bound to thrombin
reported by Sabo et al. [16]. Based on the NMR data, the v’
peptide segment 412—427 interacts with exosite II mostly
through Tyrp-422 [16]. Our structure shows Tyrp-422 interact-
ing with Lys-240, but also with Arg-126 in exosite II of a
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Table 2
Thrombin residues involved in recognition of " peptide

Distance® (A)

Exosite IT residues v’ peptide residues

Molecule 2 in the asymmetric unit

the N-terminal and Leu-427 at the C-terminal unknown. The N-
terminal residues 408—412 modeled in an extended conforma-
tion fitted to weak electron density could reach the opposite end
of exosite II in the vicinity of Arg-173 and Arg-175. However,

Val-163 O 3.12 Pro-413 N Arg-97 is too distant from the bound v’ peptide and its
Arg-165 NH, 297 Pro-413 0 importance is not confirmed by the crystal structure (Fig. 1).
Arg-233 NH, 3.03 Glu-415 Oel : .
His.230 Ne2 307 Glua1s 0 Our structure reveals the molecular basis of thrombin
Arg-126 NH, 247 Thr-416 O interaction with the v’ peptide and broadens our understanding
Arg-126 NH; 2.56 Tyrp-418 O1 of how thrombin interacts with fibrinogen utilizing epitopes
Arg-126 Ne 3.00 Tyrp-418 Ol distinct from the active site. Exosite II and regions in close
Lys-235 N 294 Tyrp-418 02 proximity to the Na' site offer the molecular scaffold for v’
Lys-236 N¢ 2.91 Tyrp-418 O3 . . .
Arg101 Ne 550 AspA419 051 recognition by thrombin. Remarkably, these domains corre-
Asn-179 N&2 302 Asp-419 062 spond to the epitope of thrombin that recognizes heparin [13],
Arg-233 O 3.02 Asp-419 N thereby explaining why the binding of the y’ peptide and heparin
Arg-101 NH, 3.24 Asp-419 062 are mutually exclusive [9,12] and why thrombin bound to fibrin
Arg-93 NH, 2.54 Ser-420 O is resistant to inactivation by antithrombin and heparin cofactor
Lys-240 N¢ 2.79 Tyrp-422 02
11 [14,15].

Symmetry-related molecule
Arg-126 NH; 3.65 Tyrp-422 OH Acknowledgments
Arg-126 NH, 3.70 Pro-423 O
I/;Ys'zg?NI\lf ;;g ilu'izz‘; (())8621 This work was supported in part by NIH research grants

rg- 2 . Sp-
Arg-93 NH, ) Asp-426 OBl HL49413, HL58141 and HL73813 to E.D.C. and HL70627 to
Arg-93 NH, 3.99 Asp-426 052 M.WM.

 Only contacts<4 A are reported.

symmetry-related molecule (Table 2, Fig. 1). Interestingly, Sabo
et al. [16] identified a structural feature of the y" peptide bound
to thrombin, i.e., a B-turn involving residues from Tyr-422 to
Asp-425. The turn is also evident in our X-ray structure and
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binding to thrombin. Relevant thrombin residues are highlighted in blue and orange as in panel A. The thrombin mutant R77aA was expressed, purified, and tested for
activity as described previously [17]. The ' peptide with Tyrp residues, V***RPEHPAETEY pDSLY sPEDDL*?” (MW 3375.5), was prepared as described earlier [7].
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